Adhesive 2-layer lamination joints of 18mass%Cr-8mass%Ni austenite stainless steel and carbon ber reinforced polymer (18-8/CFRP) were prepared using a new adhesion method consisting of applying low dose of 0.13 MGy of homogeneous low energy electron beam irradiation (HLEBI) to connecting surfaces of the 18-8 and CFRP prior to assembly and hot-pressing in vacuum under atmospheric pressure of about 1 Pa for 2 h at 401 ± 0.5 K. Although untreated 18-8/CFRP joint exhibited decent adhesion by hot-pressing, application of 0.13 MGy HLEBI dose apparently improved the adhesive force of peeling resistance ( o F p ) of the 18-8/CFRP joint 145% at median accumulative peeling probability (P p = 0.50) from 18.9 to 27.4 Nm −1 . In addition, the statistically lowest o F p for safety design (F s at P p = 0) iterated by the 3-parameter Weibull equation was raised from zero for the untreated to 5.2 Nm −1 for the 0.13 MGy samples indicating increased reliability by the HLEBI. The higher adhesive strength induced by HLEBI was explained by results of XPS (X-Ray Photoelectron Spectroscopy) observations of the peeled surface of 18-8 side of lamination with and without 0.13 MGy-HLEBI. 0.13 MGy-HLEBI slightly increased the number of C=C bonds instead of slightly decreasing the numbers of C-C, C-H and O=C-O bonds near 18-8/CFRP interface. In addition, both increasing oxygen atoms and decreasing hydrogen atoms strongly attributed to bonding force at interface of epoxy of 18-8/CFRP. Since the experimental data showed the optimum HLEBI dose was about 0.13 MGy, above which at 0.13 MGy the o F p began to drop, carefulness in optimization was highly recommended when applying in industry to insure safety. [
Introduction
Carbon ber reinforced epoxy polymer (CFRP) with its high strength to weight ratio along with austenite stainless steel with its high heat-resistance, high corrosion resistance and high tensile strength have been widely utilized for bullet train vehicles, automobiles, ships and airplanes. 1, 2) The 18-8 joined with CFRP for structural applications have been widely utilized in the aerospace, automotive and shipbuilding industries, along with various day-to-day items. It is always important to develop a joint with maximum safety enhancement adding minimal weight to the structure for low energy consumption with concern for the environment. However, the two major methods of joining different materials: mechanical fastening and adhesive bonding although having their advantages, possess their shortcomings. 3) Moreover, the bolt holes decrease the cross-sectional area and can act as stress concentrators. It is reported drilling holes in FRP laminate composites result in breakage of the reinforcing bers, peeling of the top plies at hole entry, resin degradation at the hole wall, and delamination of the bottom plies of the laminates. 4, 5) The resulting damage can result in generation of fatigue cracks during fatigue. 6) For adhesive bonding methods, advantages are complete sealing effect, parts are lighter since fasteners are not used, hence no stress concentration due to the bolt hole and no damage due to drilling, therefore they typically exhibit higher fatigue strength than bolted joints. 6) Since disadvantages include adhesion selection is dif cult for joints of different materials, additional steps of degreasing and etching the adhering surfaces are needed to obtain high adhesion strength. 7) Furthermore, chemically treated adhesive joints have the disadvantage of degradation after a few hours by oxidation decreasing bonding strength. 7) High strength adhesive joints are dif cult to attain due to these limitations. However, this research shows a joint of 18-8 and CFRP was achieved by a double-step treatment consisting of applying low dose of homogeneous low energy electron beam irradiation (HLEBI) prior to lamination assembly and hot-pressing.
HLEBI with quick and safe adhesion method applied in very short bursts of ~0.20 s is reported to improve the mist resistance and wetting of materials, [8] [9] [10] [11] and increases polymer adhering to bers raising impact strength in GFRP. 12, 13) HLEBI has been found to successfully create or enhance adhesive strength of dif cult to bond metal-polymer joints. The tensile shear strength at its medium accumulated probability (P s ) of 0.5 of CFRP/Al irradiated by 0.22 MGy is 15% higher than that untreated. 14) Furthermore, The tensile shear strength at P s of CFRP/18-8 irradiated by 0.13 MGy is two times higher than that untreated. 15) To utilize for practical articles, an interlayer strength of peeling resistance is also important factor. For Al and polyurethane (PU) when untreated could not be joined by hot-pressing, applying HLEBI of 0.13 and 0.22 MGy is reported to create the Al/PU joint generating adhesive force of peeling resistance ( o F p ) of 29 and 34 Nm −1 , respectively at median-rank accumulative peeling probability P p = 0.50. 16) Moreover, in Cu/PU joint applying 0.04-0.22 MGy HLEBI is reported to have increased the o F p at P p = 0.50 three to fourfold from <10 to 30-40 Nm −1 . 17) HLEBI is surface treatment that cuts the chemical bonds at the polymer surface and generates active terminated atoms with dangling bonds in polymers. 18) The dangling bonds act as reaction sites for bonding polymer surfaces with metals. Therefore, the purpose of the present work is to evaluate effects of HLEBI prior to lamination assembly and hot-pressing on o F p of the 18-8/CFRP joint.
Experimental Procedure

Preparation of 18-8/CFRP lamination
The joints were constructed from their separate components of: (1) 18mass%Cr-8mass%Ni austenite stainless steel Japanese Industrial Standard SUS304 with dimensions [10 mm × 40 mm × 0.01 mm], Taiho trading Co., LTD.); and (2) cured CFRP (carbon ber reinforced polymer); TR3110-331MP epoxy/CF, Mitsubishi Rayon Ltd., Tokyo) with dimensions [10 mm × 40 mm × 0.25 mm] being 1 ply 0.25 mm in thickness.
The cured CFRP was a carbon ber cross-weave whose calculated volume was therefore 400 mm 2 with adhesive area (40 × 10 = 400 mm 2 ) for 90 -peeling test. In the cured CFRP sheet, volume fraction, V f of carbon ber was 60%.
Preparation steps of the 18-8/CFRP joint samples were as follows: As step 1, the 18-8 and cured CFRP were cut to size. As step 2, the novel part of the process: HLEBI treatment (Section 2.2) was applied to the connecting surfaces of the 18-8 and CFRP. As step 3, the CFRP and 18-8 were assembled. As step 4, the 18-8/CFRP assembly was inserted into a hot-pressing under vacuum below 1 Pa for 2 h at 401 ± 0.5 K to cure the CFRP to adhere to the 18-8 producing the laminated joint samples. No fasteners or external adhesives were applied: the cured epoxy enhanced by the HLEBI acts as the adhesive to the 18-8.
Homogeneous low energy electron beam irradiation
(HLEBI) The 18-8 and CFRP sheet was irradiated by using an electron-curtain processor (Type CB175/15/180L, Energy Science Inc., Woburn, MA, Iwasaki Electric Group Co. Ltd., Tokyo). 8, [19] [20] [21] [22] [23] [24] [25] [26] [27] The specimen was homogeneously irradiated with the sheet HLEBI with low energy through a titanium thin lm window attached to a 240 mm diameter vacuum chamber. A tungsten lament in a vacuum is used to generate the electron beam at a low energy (acceleration potential, V: kV), of 170 keV and irradiating current density (I, A/m 2 ) of 0.089 A/m 2 .
Although the sheet electron beam generation is in a vacuum, the irradiated sample has been kept under protective nitrogen at atmospheric pressure. The distance between sample and window is 35 mm. To prevent oxidation, the samples are kept in a protective atmosphere of nitrogen gas with a residual concentration of oxygen below 400 ppm. The ow rate of nitrogen gas is 1.5 L/s at 0.1 MPa nitrogen gas pressure.
The absorbed dose is controlled by the integrated irradiation time in each of the samples. Here, absorbed dose is corrected from irradiation dose by using an FWT nylon dosimeter of RCD radiometer lm (FWT-60-00: Far West Technology, Inc. 330-D South Kellogg Goleta, California 93117, USA) with an irradiation reader (FWT-92D: Far West Technology, Inc. 330-D South Kellogg Goleta, California 93117, USA). The absorbed dose corresponded to irradiation dose is 0.0432 MGy at each irradiation, which is applied for only a short time (0.23 s) to avoid excessive heating of the sample; the temperature of the sample surface remains below 323 K just after irradiation. The sample in the aluminum plate holder (0.15 m × 0.15 m) is transported on a conveyor at a speed of 9.56 m/min. The sheet HLEBI is applied intermit-tently. Repeated irradiations to both side surfaces of the samples are used to increase the total irradiation dose. The interval between the end of one period of irradiation and the start of the next operation is 30 s. When the irradiation current (I, mA), the conveyor speed (S, m/min) and number of irradiations (N) are determined, the irradiated dosage is proportional to the yield value from I, mA and S, m/min, and N.
Based on the density (ρ: kg/m 3 ) and irradiation voltage at the specimen surface (V: kV), the penetration depth (D th : m) of HLEBI is expressed by the following equation. 28) 
Specimen surface electrical potential (V) was mainly reduced going through the Ti window (ΔV Ti ) and N 2 gas atmosphere (∆V N 2 ).
Based on eq. (2), the dropped potential values, ΔV Ti and ∆V N 2 are estimated from the acceleration potential (170 keV), the 10 μm thickness (T Ti ) of the titanium window (density: 4540 kgm −3 ), and the 35 mm distance between the sample and the window (T N 2 ) in the N 2 gas atmosphere (density: (5) Given the densities (ρ) are 7.9 g cm −3 for the 18-8; 1.76 g cm −3 for carbon ber; and 1.20 g cm −3 for cured epoxy, eq. (1) is the penetration depth (D th ) values of 0.028 mm for 18-8; 0.126 mm for carbon ber; and 0.185 mm for epoxy, respectively were estimated by assumptions of Christenhusz and Reimer. 29) The D th of 0.027 mm for 18-8; and 0.144 mm for the 60% carbon ber V f CFRP are considered suf cient for action of dangling bonds to increase adhesion of the 18-8/CFRP interface.
90 -peeling test
18-8/CFRP were prepared for the 90 -peeling test to evaluate the in uence of HLEBI on the o F p , as shown in Fig. 1 . Peeling adhesive force (F p ) vs. peeling distance (d p ) curves were obtained by using a micro-load tensile tester (F-S Master-1K-2N, IMADA Co. Ltd., Japan) with a strain rate of 10 mm/min. 6) Since the unit of the F p was Nm −1 , the o F p was used instead of the adhesive strength, whose units should be Nm −2 . The sample condition of tensile test was as follows:
(1) The vertical length from the peeling contact point to the end of the sample was 5 mm.
(2) The F p was determined by using micro-load tensile tester. The o F p was estimated by the peeling load and experimental peeling width and length of 10 and 30 mm, respectively. The initial distance before peeling (d i ) was de ned at the start point of peeling force, which corresponds to the start point of the rst relaxation. The d i value is ~1 mm.
X-ray photoelectron spectrometer (XPS)
X-ray photoelectron spectrometer (XPS: Quantum 2000, ULVAC Co., JAPAN) 18) was used for surface analysis of peeled 0.13 MGy HLEBI CFRP and 18-8. Both CFRP and 18-8 contain elements C, H and O. The C (1s) and O (1s) signals from the 18-8 surfaces were detected by the XPS.
Dangling bond effects and electron spin resonance (ESR)
ESR is utilized to detect unpaired electrons, i.e. dangling bonds by their spins (m s = +/−1/2) since electrons have a magnetic moment and spin quantum number. When electrons are unpaired, their magnetic moments either align themselves parallel or anti-parallel to an induced magnetic eld producing a peak at a particular magnetic eld, B. Dangling bond density was obtained by ESR of 1.2 × 10 17 spins mm −3 , amp = 500 and Mn = 0.057368. 30) Figure 2 shows a comparison of L p (N) vs. peeling distance, d p (mm) curves between HLEBI and untreated 18-8/ CFRP joint at median accumulative peeling probability, P p = 0.50. Although without HLEBI a large adhesive load of peeling resistance in the 18-8/CFRP could not be obtained, by applying HLEBI at 0.13 MGy the peeling load, L p is signicantly increased (~0.26 N) over the low value of the untreated (~0.20 N). The 0.30 MGy-HLEBI therefore laminates the 18-8/CFRP sheets, generating the higher peeling resistance. Fracture was observed to always occur at the interface. The curves are at, indicating stability and homogeneity throughout the 35 mm peeling distance up until fracture. Figure 3 plots the relationships between o F p at each P p of the 18-8/CFRP laminated sheets for the untreated and HLE-BI-treated showing applying 0.13 MGy HLEBI gives the highest o F p values, particularly above P p > 0.2. Most notably, at high-P p of 0.94 the 0.04 MGy HLEBI raised the o F p signi cantly, 287% from 58.6 to 168.1 Nm −1 . Figure 4 shows the maximum o F p for low-, median-, and high-P p of 0.06, 0.50 and 0.94 against HLEBI occurs in the 0.13 MGy-HLEBI samples at 15.6, 27.4 and 168.1 Nm −1 , respectively. The o F p at low-and median-P p of 0.06 and 0.50, were 15.6 and 27.4 Nm −1 , respectively which were more than 2.46 and 1.45 times larger than 6.32 and 18.9 Nm −1 before treatment. All o F p values of 18-8/CFRP laminated sheets with 0.13 MGy apparently exceed all corresponding values of untreated samples. Thus, adhesion of 18-8/CFRP laminated sheets with 0.13 MGy-HLEBI deems effective. Figure 5 shows a strong ESR signal is generated in epoxy resin by HLEBI whose in ection point occurs at B = ~327.0 mT. This is probably because HLEBI generates or increases ESR signal intensity in epoxy. Figures 6 and 7 show fracture surface analysis by X-ray photoelectron spectrometry (XPS) of carbon (C (1s)) and ox- 
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Discussion
The statistically lowest adhesive force
In order to obtain the statistically lowest peeling stress for safety design, the lowest o F p value at P p = 0 (F s ) is assumed to be attained from the adaptable relationship of the 3-parameter Weibull equation iterating to the high correlation coef cient (F). The P p depends on the risk of rupture ([ o F p − F s ]/ F III ). 12, 18, [31] [32] [33] [34] [35] [36] 
The F III value is the o F p value, when the term ln[−ln(1 − P p )] is zero. When P p = 0, the required o F p value to evaluate new structural materials is de ned as the F s . In predicting the F s , coef cient (m) and constant (F III ) are the key parameters. Figure 8 plots the iteration to obtain the highest correlation coef cient (F) with respect to the potential adhesive force of peeling o F s value ( e F s ) estimated from the logarithmic form. Figure 9 illustrates the linear relationships between ln( o F p − F s ) and ln[−ln(1 − P p )]. The values of F III and m are determined by the least-squares best t method. The m value is estimated by the slope of the relationship when e F s = F s . Figure 10 shows F s is always lower than the experimental o F p value. The HLEBI from 0.13 to 0.43 MGy improves the F s values of the 18-8/CFRP laminated sheets over that of the untreated. The 0.13 MGy-HLEBI apparently enhances the F s from 5.2 N·m −1 for the untreated to 15.0 N·m −1 ; as well as at low P p of 0.06 (the lowest experimental o F p ) from 6.3 for the untreated to 15.6 N·m −1 . Consequently, HLEBI enhances the safety level (reliability) of 18-8/CFRP laminated sheets. This indicates HLEBI induced adhesion can be applied to practical articles with sterilization without volatilization, when the adhesive force of peeling resistivity is less than 15.0 N·m −1 .
Surface activation
HLEBI cuts the atomic bonding at chemical bonding sites with low dissociation energies in the epoxy resin. Based on ESR signal of epoxy resin by HLEBI in Fig. 5 , HLEBI generates or increases ESR signal intensity in epoxy and activates the epoxy surface.
HLEBI also activates the 18-8 stainless steel with the high corrosion resistant passivation lm, although ESR signals cannot be detected in metals of 18-8 stainless steels. Since the HLEBI cuts the chemical bonds of ceramics 21) , it is possible to forms the active terminated atoms on the passive lm.
Therefore, the strong adhesion force probably occurs at the active terminated atoms at interface between 18-8 stainless steel and epoxy resin.
Adhesion force
Based on the results of the XPS of carbon (C (1s)) in C=C, C-C, C-H and O=C-O groups in Fig. 6 , the fracture passes through the epoxy polymer inside for 18-8/CFRP lamination with and without HLEBI. This is also a result of adhesion force of 18-8/CFRP being made stronger than the cohesive force of epoxy polymer in the CFRP itself. 0.13 MGy-HLEBI slightly increases the number of C=C bonds instead of slightly decreasing the numbers of C-C, C-H and O=C-O bonds near 18-8/CFRP interface. Namely, HLE-BI decreases the oxygen atoms and slightly decreases hydrogen atoms near interface.
Based 
Conclusions
Up to now, adhesion of 18-8/CFRP sheets without our treatment of HLEBI prior to lamination assembly and hot-pressing has not been observed in the literature. However, strong adhesion of the 18-8/CFRP was created from the new treatment applying low dose ≦0.43 MGy-HLEBI to the connecting surfaces of CFRP and 18-8 prior to lamination assembly and hot-pressing in vacuum below 1 Pa for 2 h at 401 ± 0.5 K.
(1) The slight amount of dose of 0.04 MGy HLEBI raised the o F p signi cantly, 287% from 58.6 to 168.0 Nm −1 at high-P p of 0.94.
(2) By applying 0.13 MGy HLEBI the o F p was increased substantially over the untreated. The largest o F p values at optimal dose 0.13 MGy were 15.6 and 27.4 Nm −1 , which were more than 2.5 and 1.4 times larger than 6.3 and 18.9 Nm −1 before treatment at low-and median-accumulative peeling probability, P p of 0.06 and 0.50, respectively.
(3) The statistically lowest o F p for safety design (F s at P p = 0) iterated by the 3-parameter Weibull equation was raised from 5.2 Nm −1 for the untreated to 15.0 Nm −1 for the 0.13 MGy samples indicating increased reliability over the untreated.
(4) Based on ESR results, HLEBI cut the atomic bonding at chemical bonding sites with low dissociation energies in the epoxy resin, and then generated or increased ESR signal intensity in epoxy and activated the epoxy surface. If HLEBI also activated the 18-8 stainless steel with the high corrosion resistant passivation lm, the strong adhesion force probably occurred at the active terminated atoms at interface between 18-8 stainless steel and epoxy resin. (6) Larger HLEBI dose of more than 0.43 MGy decreased the o F p as general radiation damage. Therefore carefulness to optimize the HLEBI dose for practical applications is highly recommended.
